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AFM fundamentals; in Section 3 the theoretical basis of AFM is presented; finally, in Section 4 applications of force spectroscopy to biological and soft materials are presented along with experimental details and a discussion of some relevant experiments.
AFM fundamentals
It is appropriate to give in this section a short description about the fundamentals and the operation modes of an AFM. The starting point is the Lennard-Jones interaction between a microscopic particle and a surface, shown in Fig. 1 . 
. Lennard-Jones potential U(z) (blue) and the related force F(z) (red).
Let us recall that the force, F(z), depends on the potential, U(z), by the relationship:
Therefore, in Fig. 1 we can distinguish two different regimes, separated by z 0 , the distance corresponding to a stationary point for the potential, U(z), and hence to F(z 0 ) = 0. For z values larger than z 0 , the particle will experience an attractive force, whereas for z values smaller that z 0 , the force will be repulsive. As the force is the derivative of the potential, we can deduce that, because of the difference in the potential slope of the two regimes, the attractive forces will be considerably weaker than the repulsive ones, as Fig. 1 shows.
An AFM is essentially made of a micro/nanoscopic probe tip flying over the specimen under investigation, at a distance spanning in the Nanometers range. In the following, we will show that the tip "flying altitude" setting is essential for discriminating the interaction character, attractive or repulsive, between the probe and the sample surface.
Scanner and optical lever
As shown in Fig. 2 , the sample is fixed on the top of a 3-axes piezoelectric stage in a typical AFM that moves the sample under the tip. During the image acquisition, the movements X, Y are controlled by the computer that generates two synchronized voltage ramps, allowing for the scanning of the chosen sample area, whereas the movement of the Z piezo is controlled by the feedback circuit. 3 shows the raster pattern of the scanner. It moves the sample along the fast scan direction by steps of length L/N, where L is the linear dimension of the scanned area and N is the total number of points that are acquired for each line (Hartmann, 2005) . At each step the specimen z-height is sampled and in this way the first array of heights is acquired. At the end of the first line, the controller will move the piezo stage one step in the slow scan direction and the acquisition restarts. Nevertheless, most AFM microscopes allow to acquire both the trace and the retrace pathways before the next step in the slow scan direction. This process will be iterated N times, in order to acquire a N x N matrix in which each element corresponds to a point on the sampled area, and its value is the height of that point. In short, there are three operating modes in SFM: contact, non-contact, and tapping (also called intermittent contact) mode. The coarse positioning is accomplished by step motors that are driven by the control system, allowing the automatic approach of the tip to the sample. The same software allows for the acquisition of multiple images of the sample area at high resolution, particularly useful for imaging living tissues. The AFM head stage contains the optical system, consisting of the laser and photodiode, for the detection of the micro lever deflection (Fig. 2) .
The cantilever bends up and down when the sample is scanned under the tip due to the interaction forces between the tip and the sample, providing information on the sample height. Depending on the sample roughness, the movement of the cantilever can be very small, less than 1 nm. A detection system that is able to record such tiny variation in the cantilever bending is required. The system is also known as optical lever and it is composed by a laser diode and a two or a four segments photodiode. The laser diode is equipped with a lens that provides a spot size in the order of a few microns. The laser is fixed at the top of the head through a plate that can be adjusted across two micrometric screws, in order to focus the spot on the cantilever. The beam reflected by the cantilever is directed towards the centre of a two or four quadrants photodetector; the last can record simultaneously the vertical and horizontal displacement of the spot. The optical system (Fig. 4) can thus measure two quantities: the deflection of the cantilever due to the attractive or repulsive force, Fz, (topography) and the torsion of the cantilever due to the lateral component of the interaction force, FL, of the tip-surface force (friction force). 
AFM operating modes
In describing the operating AFM modes usually we refer to the main interaction forces between the tip and the sample, coming from the Lennard-Jones interaction. In Fig. 5 it is depicted the potential and the related force acting between the tip and the sample as a function of the distance z. The tip-surface separation ranges in the contact mode (CM), non-contact mode (NCM), intermittent contact mode (ICM) are highlighted.
Contact mode
Contact mode imaging is so called because the probe remains "in contact" with the sample all the time. Historically, the atomic force microscope was designed to exploit the strong short-range repulsive forces between a probing tip and the sample surface. The probe (tip) is brought into contact with the surface (hence the name) and repulsive forces result in the deflection of the cantilever.
In contact mode the sample surface can be scanned at constant force or at constant tipsample distance. In the first case the AFM feed-back loop keeps the cantilever deflection, and hence the force between the tip and the sample, constant. Before the scan starts, a setpoint, i.e. a deflection value of the lever that we want to keep constant during the imaging, is chosen. If the tip encounters a feature on the sample surface, the repulsive force varies, causing a bending of the lever. The feedback system compares the actual bending with the setpoint; if they do not coincide, the control system modulates the signal applied to the piezo so that the scanner retracts or extends in order to bring the deflection back to the setpoint. It is important to stress that, in this case, for the aim of sample topography reconstruction, the exact knowledge of the cantilever features is not necessary. In fact, the cantilever bending is measured in an indirect way, "measuring" instead the piezo displacement necessary to recover the initial position of the reflected beam over the photodetector. Therefore, topographical data are derived from the z-axis piezo voltage.
In the constant height mode the feedback system is switched off, so that z-height remains constant during the X-Y scanning, the photodetector output signal is converted in z values. This mode can be used only on samples which are relatively flat and smooth but, for surfaces to which it is applicable, it can provide images with a sharper resolution and in a shorter time compared to the constant force mode.
Non-contact mode
In the non-contact mode the cantilever is never in contact with the sample, and the tipsample forces are attractive. In this case the involved forces are much weaker than the 9 contact mode case, and hence a more sensitive and sophisticated detection technique, instead of the bare cantilever displacement, is required.
The non-contact mode is one of the two oscillating AFM modes. The cantilever is forced to oscillate through a bimorph that is placed at the base of the cantilever holder. The resonance curve of the cantilever in the free space is shown in fig. 6 (red curve). While the tip approaches the surface, the cantilever vibration regime is affected by the presence of the interaction forces between the tip and the sample. This causes a shift in the resonance curve that will be discussed in more detail in the following sections. In non-contact mode the oscillation frequency is locked to a value slightly larger than the resonance frequency.
When the tip approaches the sample, a reduction in the amplitude of vibration occurs (Fig.  6 ). During the image acquisition the feedback circuit attempts to restore the amplitude of vibration toward the setpoint slightly larger than the natural resonance. If the tip gets too close or too far to/from the sample the cantilever oscillation amplitude varies and, analogously to the previous case, the feedback system modulates the signal applied to the piezo-scanner so that it either retracts or extends in order to bring the cantilever oscillation amplitude back to the set point. Fig. 6 . Calculated cantilever resonance curve in the free oscillation regime (red curve) and in presence of interaction (blue curve).
The cantilevers used in the non-contact mode are stiffer than those used in the contact mode to prevent the cantilever to get pulled into the sample.
Intermittent or tapping mode
Intermittent, or tapping, mode is similar to non-contact mode in many ways, but the cantilever is vibrating 1÷10 nm above the sample with a larger amplitude so that the tip hits the sample at the lowest point of each oscillation cycle.
In this operating mode, the cantilever is excited at a frequency slightly lower than the mechanical resonance, and the topographical features are extracted using the amplitude modulation due to the forces generated by the intermittent interaction between the AFM tip and the sample. Tapping mode is possible at ambient temperature; however, the noncontact and intermittent modes of operation are easier in vacuum where the damping of cantilever oscillations is negligible, allowing for a much sharper resonance peak of the cantilever and hence higher sensitivity while measuring the shift in resonance frequency (Gauthier & Tsukada, 1999; Gauthier et al., 2001; Gauthier & Pérez, 2002; Giessibl, 1997 , Giessibl & Bielefeldt 2000 , Hong et al., 1999 Jarvis et al., 2001; Martìnez & Garcia., 2006; Matsushige, 2001) . Tapping mode is the most used operating mode in biology. It is not disruptive for fragile samples since it eliminates completely friction forces between the tip and the sample that are dominant in contact mode. At the same time its resolution is better than in the no contact mode, in which the tip is in average farer from the sample.
AFM spectroscopic modes
Spectroscopy in AFM, in both static and dynamic modes, is a powerful technique to reach a deep insight in the properties of the sample surfaces beyond topography, as it allows the measurement of forces in the nN range. There are several theories describing the interaction between a tip and a sample surface that become very refined when they go to dynamic modes. Here we will introduce the main interaction forces between a tip and a sample and how they can be visualized in the static and dynamic AFM modes.
Interaction between microscopic bodies: A spherical tip and a flat surface
When describing the interaction between a tip and a sample the best starting point is the interaction between two atoms or small molecules. Usually, we refer to van der Waals interaction that is made of three main contributions: the Keesom interaction (between existing dipoles), the Debye interaction (between dipole-induced dipole), and the London interaction (dispersion forces of quantum mechanical nature). van der Waals interaction is long ranged (r > 10 nm) and can be expressed as:
Where C is a constant that takes into account the polarization properties of the two atoms or small molecules. At very small molecular separations, the electronic clouds of atoms overlap, giving rise to very strong repulsive forces.
The potential that better describes the interaction between two atoms or small molecules, including also the attractive van der Waals interaction, was proposed in 1931 by John Lennard-Jones:
where is the minimum energy andis the diameter of a sphere approximating the atom or molecule. When calculating the interaction between microscopic bodies, other forces have to be taken into account together with the afore mentioned van der Waals forces, i.e. electrostatic, adhesion and capillary forces.
We can calculate the van der Waals attractive force between macroscopic bodies in vacuum, under proper approximations, taking into account the densities and the shapes of the two bodies. For example, the interaction energy between a flat surface and a tip, approximated by a sphere of radius R, can be obtained adding up the pairwise interactions between all the molecules in the tip and in the surface, and be expressed as (Israelachvili, 1992) :
H is the Hamaker constant that accounts for the material density and polarizability, featuring a typical value of 10 -19 J for the condensed phase in vacuum. d is the distance between the tip and the sample and a 0 is an intramolecular distance introduced to avoid the force divergence at the contact. For a tip with a curvature radius R = 10 nm, d = 3Å and H = 10 -19 J, van der Waals forces are about F = 1.9 nN.
As mentioned above, other forces are involved in the interaction between a tip and a flat surface. As an example, electrostatic forces can be very strong and long ranged, and their intensity depends on how charges are positioned in the media involved in the interaction. Fortunately, in air the electrostatic interaction forces can be minimized with proper experimental devices as, for example, grounding the tip.
During the contact between the tip and the surface, adhesion forces play an important role.
We introduce a few fundamental concepts on adhesion. We define "work of adhesion" as the free energy exchange needed to separate two unit areas, 1 and 2, from the contact, and bring them to an infinite distance. For two different media this energy is called work of adhesion W 12 , while for identical media the energy is called work of cohesion W 11 . The surface energy or surface tension   is the energy necessary to increase the body surface of one unit area. The process of creation of a unit area can be seen as the energy necessary to separate two half areas from the contact then, the work of cohesion is related to the surface tension as   W 11 /2. For solid media  1 is denoted as  S while for liquid media  1 =  L . When the surfaces are immersed in a third medium such as water vapor, few water molecules can be adsorbed on the surfaces causing the surface tension to lowers to new values  SV or  LV .
In the interaction between the tip and the sample the surface deformation due to the mechanical contact between the two surfaces must be taken into account. This deformation depends on the applied force and on the material properties. There are several models that describe this phenomenon. In particular, Johnson-Kendall-Roberts (JKR) and DerjaguinMuller-Toporov (DMT) have provided analytical relationships between deformation and applied force. These models are used as standard models for tribology studies using AFM. The JKR model describes the contact between two surfaces with relatively low stiffness and high adhesion forces. The adhesion force magnitude is calculated as:
Nevertheless, real surfaces are never completely rigid and can deform under the influence of attractive forces, giving rise to finite contact area even if no external loads are applied. In JKR theory, the contact area between a spherical surface of radius R and a flat surface, with elastic modulus K, more deformable than the sphere, is expressed as:
Unlike the JKR model, the DMT model describes the contact between rigid surfaces in the case of low adhesion forces and small tip radii. The contact force is calculated using the relationship:
where: However, these models have some limitations. They suppose the surfaces to be completely flat. As a matter of fact, real surfaces have some roughness that has to be considered in the calculation of the adhesion force. When working in air, small amounts of water vapor in the atmosphere can capillary condense in the contact points, causing an additional attractive force between surfaces. If we consider a sphere of radius R and a flat surface separated by a distance d, the capillary force that is applied in the contact points is given by:
where D is the height of the tip immersed in the water meniscus, and θ is the contact angle.
Spectroscopy mode in static AFM: Force vs. distance curves
Force spectroscopy is a technique to measure forces acting between a tip and a sample surface (Cappella &. Dietler, 1999) . It is performed with the tip held in a fixed position in the plane parallel to the sample surface while, in the perpendicular direction, the sample moves by gradually approaching to or retracting from the tip. This results in a force vs. distance curve. To obtain quantitative data from force vs. distance curve measurements, important details must be respected. To accurately measure the deflection of the cantilever, a force curve between the tip and a hard substrate is used to determine the cantilever sensitivity, which relates the cantilever deflection to the voltage of the z-piezo stage. After this calibration the laser alignment has to be kept unchanged. The next step is to convert the deflection into a force using the force constant of the selected cantilever. This value, together with the resonance frequency, is specified by the manufacturer, but generally for each cantilever there can be a quite large difference between the real value and those declared by the manufacturer. Therefore, to ensure the ability to collect data accurately, direct determination of the force constant is advised. Different methods to measure the force www.intechopen.com Atomic Force Spectroscopies: A Toolbox for Probing the Biological Matter 13 constant can be used (Cleveland et al., 1993; Torii et al., 1996) . Perhaps the most accessible calibration technique is the thermal noise method (Hutter & Bechhoefer 1993) .
During the acquisition of a force vs. distance curve the sample is approached to the tip while the cantilever deflection,  c , is recorded. The cantilever bending force is given by the wellknown Hooke law:
During the measurement, the AFM controls z, i.e. the distance between the sample surface and the tip rest position (Fig. 7) . d and z are related to the cantilever deflection  c and the sample deformation,  s , as follows: Fig. 7 . Tip-sample distance.
The AFM static mode force-distance curve is the result of the balance between two forces: the tip-sample interaction force and the elastic force of the cantilever (Butt et al, 2005; Seo et al., 2008) . Fig. 8b shows the typical tip-sample force curve, which takes into account the long-range van der Waals force and the short-range repulsive forces, as a function of the tipsample gap, z. 
In Fig. 8a, lines A , B, C, D represent the elastic force of the cantilever. At each given distance between the tip and the sample, to reach the equilibrium state the cantilever bends until the elastic force equals the tip-sample interaction force The force values at the equilibrium are given by the intersections 1, 2, 3 and 4 between the lines A, B, C, D and the F(d) curve respectively. When the tip is far from the sample (line A) no force is detected (branch A' in 8b). As the tip approaches to the sample (line B) the force experienced by the tip is attractive. At point  a change occurs, the tip jumps to contact with the sample surface, jump-in point, and the force starts to raise (branch B' in 8b). At point  the force is repulsive. If we assume the surface very stiff, the force curve is close to a straight line (branch C' in 8b). When the tip retracts from the sample (line D), at the jump-off point a sudden separation of the tip from the sample surface occurs (branch D' in 8b). The hysteresis loop A'B'D' in Fig 8b is the signature of adhesion effects between the tip and the sample. They may originate from specific tip-sample interactions, or from capillary forces due to the atmospheric water vapor condensation. In performing experiments the choice of the most suitable cantilever stiffness is of crucial importance and it should be adapted to the mechanical properties of the sample. In the following pictures (Fig. 9 ) the approach and the retract curves for a soft sample (notice the smooth raising for small distances), presenting two adhesion points, are shown. Using AFM in contact mode, the mechanical properties of samples at the nano-scale such as elastic modulus, strength, adhesion, and friction can be measured. Indeed, different materials with reduced dimensions have been investigated by AFM, and their mechanical properties have been accurately determined by the force-distance curve measurements, including inorganic nanocoils (Qin, et al., 2010) , metallic nanowires (Wu et al., 2005 (Wu et al., , 2006 and biological fibrils (Yang et al., 2008; Smith et al., 2006) . However, in many cases, because of the damage that contact mode AFM may cause on the soft materials, the dynamic mode should be preferred, instead, in order to minimize the sample damage.
Dynamics of an oscillating tip in proximity of a surface
As mentioned above, force spectroscopy can also be performed with a vibrating tip approaching the sample surface. Before describing the tip-sample interaction in this peculiar case we will introduce few concepts on the dynamics of a vibrating lever. The forces acting on a vibrating lever are basically three: its weight (a force that is distributed along the lever), the weight of the tip attached to the lever (which represents a concentrated force at one point) and the external force that acts between the tip and the surface as if it was concentrated in one point. Every point in the lever oscillates with a harmonic motion with the exception of its support and the nodal points which are stationary. The lever dynamics in the free space (i.e., far from the surface where the tip-sample force is null) can be approximated to that of a forced-damped harmonic oscillator and hence described through the related well known equation:
where c dx/dt is the viscous term proportional to the lever velocity, c = m, where  is the damping coefficient, m the mass of the lever and k = m 0 2 is the elastic constant of the lever with  0 its angular resonance frequency. If we assume that the external driving force is an oscillating one F(t) = F 0 cost, trivial calculations show that the lever oscillates with a certain amplitude proportional to the modulus of F multiplied by a factor  and that the lever does not oscillate in phase with the applied force but the phase is shifted of an angle  ( 
The phase shift can be expressed as a function of the quality factor, Q =  0 / of the spring. This is a dimensionless factor that describes the degree of damping of an oscillator. In general, Q is defined as the ratio between the energy stored in the oscillator and the energy dissipated in a cycle. A high Q means a low energy loss during the lever oscillation with respect to the one stored in the system. Using Q the phase shift can be expressed as:
www.intechopen.com 
So far we are referring to a lever vibrating in the free space. When the tip is brought close to the sample surface, its oscillation regime changes due to the tip-sample interactions. Magonov in 1997 (Magonov et al., 1997 ) studied experimentally how the amplitude and phase of the cantilever oscillation vary according to the tip-sample distance. If we vibrate the tip in the free space at its resonance frequency, as shown in the figure above, the phase angle is 90° and the amplitude is at its maximum value. When the tip starts to interact with the sample surface, experiencing attractive forces, the resonance peak shifts towards lower frequencies and the phase angle at  0 becomes larger than 90°. Decreasing the distance between the tip and the sample, then increasing the repulsive interaction, the resonance peak shifts towards higher frequencies and the phase angle becomes smaller than 90°. Fig. 11 elucidates this behaviour. Fig. 11 . Variation of the amplitude curves vs. frequency as a function of the forces between the tip and the sample. The cantilever resonance frequency in the free space (blue line) is lowered (red line) or increased (green line) when attractive or repulsive forces, respectively, are present.
In a first approximation the consequence of the tip-sample interaction is to change the elastic constant of the cantilever to a new effective value:
Where represents the sum of the derivatives of the external forces acting on the tip:
In this formula, z represents the relative displacement between the tip and the sample. Then the phase angle , can be expressed through the relationship:
www.intechopen.com This expression is useful to relate the phase to the oscillation frequency.
To quantitatively describe the cantilever movement when the oscillating tip approaches the sample surfaces we need to go back to the expression for the damped harmonic oscillator, introducing new terms. When the tip hits the sample, it experiences van der Waals forces, but if the sample is soft and has viscoelastic properties, as often happens with polymers and biological materials, there is also a dissipation of part of the energy stored in the oscillator through the sample, then a viscous damping has to be taken into account. The cantilever motion can then be described through the following equation:
where F v represents the viscous response of the sample to the tip movement and is given by:
where  is the sample viscosity, R is the tip radius and  the sample deformation. In this model the sample is characterized by its elastic and viscosity coefficients. Interaction forces, as previously described, can be described by the modified DMT mechanics that takes into account adhesion forces: Analogously, if capillary forces are not negligible, a further term has to be added to the force expression.
Spectroscopy mode in dynamic AFM mode: Phase vs. distance curves
Garcia and colleagues (Garcia & Perez, 2002; Tamayo & Garcia, 1996 , 1997 numerically approached the problem of the cantilever motion, obtaining a trend for the phase of the oscillation as a function of the distance between the tip and the sample. In Fig. 12 experimental results are reported (only the approach curve is shown). For large separations (z > 60 nm) the phase is 90°, as expected, and no appreciable shifts are observed. When the tip gets closer to the sample surface, an increase of the phase is observed. There, the interaction potential is dominated by attractive forces. The positive gradient of the force shifts the cantilever resonance frequency to lower values. This, in turn, shifts the phase upwards. While approaching closer to the surface, when in the tip-sample interaction repulsive contributions dominate, the phase shift decreases with decreasing separation due to the negative gradient of the interaction force.
Phase vs. distance curves are particularly useful for the information they can provide on the energy dissipated in the sample, helping in assessing the visco-elastic properties of the material.
In Fig.12 , the difference between the tip interacting with a hard surface, mica, and a soft polymeric one, polypropylene, is shown. Three major differences between the mica and the PP curves are observed. Fig. 12 . Phase vs. distance curves for a hard material (solid line) and a soft one (dashed line) 1. The transition between non-contact and intermittent contact produces a sudden decrease of the phase for mica, while in the polymer there is a smooth variation. 2. The phase shift between the starting and final position is larger for mica than for polymer. 3. The polymer also shows an increase of the phase for tip-sample equilibrium separations smaller than 20 nm.
These results underline the complex behavior of phase shifts in dynamic force microscopy where elastic and inelastic processes alike may be involved. Cleveland and his colleagues (Cleveland et al., 1998) studied a model for the interaction in terms of power dissipated by the cantilever. At equilibrium, the average energy that is supplied to the cantilever must be equal to the average energy that is dissipated by the cantilever itself and by the tip during a cycle. Cleveland splits the power dissipated in two parts:
where P in is the average power provided to the lever, P 0 is the power dissipated by the body of the lever in air and can be modeled by viscous damping, while P tip takes into account all the possible dissipations due to the interaction between tip and sample. P in and P 0 can be calculated and this leads to an expression for the power dissipated by the tip as a function of the phase φ when the cantilever oscillates close to its resonance frequency:
where A 0 is the oscillation amplitude in the free space.
Applications to biological samples

Single Molecule Force Spectroscopy
During recent years single molecule force spectroscopy (SMFS) methods have been developed to perform mechanical experiments with single molecules on generic surfaces under ambient conditions and within liquid electrolytes. Single molecule experiments allow the precise measurement of inter-and intra-molecular forces, providing the experimental platform for understanding, at a molecular level, adhesion and de-adhesion processes. In SMFS experiments force is applied to molecules by stretching them between the sample surface and the tip of an AFM cantilever featuring a typical spring constant in the 10-100 pN/nm range. Molecules are attached to the AFM tip by covalent bonding or through antibodies at specific sites (Zheng et al., 2011) . Often, in order to address proteins specifically, force measurements are performed using functionalized tips.
Early experiments were concerned in the interaction between pairs molecules, such as the ligand-receptor pair biotin-avidin (Florin et al., 1994) , complementary strands of DNA (Lee et al., 1994) or an antibody-antigen (Dammer et al., 1996) .
The same technique allows for investigating the unfolding/refolding process in proteins and other biological molecules, such as force measurements on single molecules, and involves the rupture of single chemical bonds and the stretching of polymer chains. The first AFM-based SMFS unfolding and refolding experiments were performed in the 1997 (Rief et al., 1997) on the sarcomeric protein of striated muscle, the titin (Lange et al., 2006) . In that paper, native titin molecules were allowed to adsorb from solution onto a gold surface. Then, the AFM tip was put in contact with the surface in order to allow the protein to adsorb onto the tip. Thereafter, upon the tip retraction, the force vs. distance curve is acquired, featuring a characteristic sawtooth profile consistent with the sequential unfolding of individual titin domains (Fig. 13) . This force behaviour is well described by chain models: the worm-like chain (WLC) (Bustamante et al., 1994) , the freely jointed chain (FJC) (Smith et al., 1992) , and the freely rotating chain (FRC) (Hugel et al., 2005; Livadoru et al., 2003) . When force is applied to the chain an initial uncoherent stretching is observed, until the "unfolding threshold force" is attained, and molecular bond breaks or a structural element unfolds, resulting in a sudden increase in contour length and in a drop in force (see Fig. 13 ). Another interesting feature of the curve force is the increasing in the peaks maxima with the increasing extension. This behavior is ascribed to the circumstance that the weakest domains unfold first and the strongest last.
Experiments were also performed on reconstituted and native membrane proteins (Kedrov et al., 2005; Oesterhelt et al., 2000; Preiner et al., 2007) , and on cells (Alsteens et al., 2009) . When the chain stretching starts by increasing the external force below the unfolding threshold, the energy barrier between the folded and unfolded states lowers, making the system more sensitive to other experimental parameters such as pulling speed (Dudko et al., 2008; Evans et al., 1997) or temperature (Schlierf & Rief, 2005) . Under these conditions, a fluctuation can push the system to overcome the unfolding barrier, entering in the model as stochastic contributions.
Following the results of Evans & Ritchie in 1997, the unfolding force could not be considered as a constant parameter, because the faster the molecule is pulled, the higher the unfolding force measured (Fig. 14) . Therefore, dynamic force spectroscopy was introduced, allowing for the varying of the pulling rate in order determine the unfolding potential. (Rief et al., 1998) . The maximum load rate allowed by a commercial AFM is determined by the characteristics of the scanner piezo tube which, at the same time, must fulfill the general requirement of the greatest accuracy in the positioning. Therefore, the range of the accessible loading rates for commercial AFM is in the range of 10-100 Hz, resulting in separation rates smaller than 50 m/s. This technique has been enhanced through the modification of a commercial AFM (Ptak et al., 2006) by adding an extra z piezo-actuator capable of up 50 kHz loading rates, components for data processing, and special AFM cantilevers featuring high resonance frequency, in the order of a few hundreds kHz, and low spring constant (<1N/m). In this experiment, the direct comparison between the signal driving, the additional piezo element, and the one resulting from the cantilever deflection, gives straightforward informations on the load applied on the sample, on the loading rate and on the adhesion strength (Fig. 15) .
Thereafter, the ''force clamp'' was introduced. In this technique, the molecule is tethered between the tip and the surface and the deflection of the cantilever (i.e. the force) is kept (Fig. 16) (Oberhauser et al., 2001) . In more recent experiments the force clamp technique has been useful for detecting the "catch" bond behavior between receptor-ligand pairs. Such bonds mediate cell adhesion and their dissociation occurs via modulating off-rates. Off-rates control how long receptorligand bonds last and how much force they withstand. The off-rates derived from forced dissociation data depend both on the force and on the history of force application (Kong et al., 2009; Marshall et al., 2005 
Viscoelasticity and adhesion forces measurements
Contact mode force spectroscopy is based on the detection of the static or quasi-static cantilever bending. Here, "quasi-static" has to be read in terms of relatively slow oscillations, well below the cantilever resonance. In such cases, informations are extracted directly and only from the cantilever deflection that "measures" the applied force.
Dynamic mode AFM allows one to go further into the tip-sample interaction details and, in addition, the oscillation amplitude and the phase shift can be recorded simultaneously, offering further "probes" for detecting different sample properties. In AFM dynamic modes, both non-contact (NC) and intermittent contact (IC), the cantilever is excited to oscillate at or close to the resonance; nevertheless, in the IC mode, oscillation amplitudes are larger, spanning between the attractive and the repulsive part of the tip-sample interaction potential. The result is an intermittent contact between the tip and the sample, whose dynamics are influenced by the sample properties such as adhesion, elasticity, or viscoelasticity. All these features can be revealed by the analysis of the amplitude-phase-distance (APD) curves, where the amplitude and the phase of the oscillating cantilever are recorded as a function of the average tip-sample distance. Tamayo & Garcia (1996) , proposed a model in which viscoelasticity and adhesion forces are considered as possible sources of phase contrast. When large oscillation amplitudes are used, the amplitude-distance curves feature discontinuities connected to the transition from the purely attractive regime, to the repulsive interaction occurring close to the lower inflection point of the vibrating cantilever (Anczykowski et al., 1996) . In this work, a comparison between experimental results and computer simulations has been performed, considering different oscillatory regimes (above, below and at the resonance), and they display evidence of the role of contamination layers in the discontinuities in the phase curves. More recently Garcia & San Paulo (1999) demonstrated that the attractive to repulsive regime transition has a clear signature in the phase vs. distance curve, where a net phase  jump from values above 90° to values below 90°, discriminates the two regimes: in the repulsive regime is always < 90°, whereas the attractive regime is characterized by phase shifts > 90°.
When oscillating a tip, the attractive-repulsive regime transition can be influenced by the presence of an adsorbed water film. This aspect has been faced by Zitzler et al. (2002) , who measured the critical oscillation amplitude for which the attractive/repulsive transition occurs vs. the Relative Humidity (RH). They demonstrate that, for both hydrophilic tip and sample, there is an increasing in the critical amplitude when increasing the RH value. On the contrary, this effect is not observed in the case of hydrophobic sample/hydrophilic tip for which the critical amplitude is practically independent on RH. In practice, the forces connected to the cyclic formation-rupture of a capillary neck enter in the dynamical model with the role of an attractive contribution, affecting possible quantitative, or even qualitative, measurements of local adhesion, elastic or visco-elastic properties of the sample.
As a consequence, force spectroscopy experiments in dynamic AFM mode should be carried out under controlled humidity and temperature, in order to discriminate the effect of capillary condensation. These techniques are becoming relatively popular for high resolution imaging of soft materials in tapping mode (Thomson, 2005) . Nevertheless, the effect of the water film, or of the inhomogeneities in the physical properties, can severely affect the topographic image of heterogeneous samples, featuring areas with different physical-chemical properties, as micro-or nano-composites. This influence can result in wrong height measurements and in some extreme cases even contrast inversion can be observed (Kopp-Marsaudon et al., 2000; Palacios-Lidon et al., 2010) . The possibility to investigate physical and chemical properties at the nano-scale in some cases has been used to reveal structural features or conformational properties of complex molecules and aggregates. In literature a reduced number of papers devoted to this subject can be found, essentially devoted to polymers studies (Zhuang et al., 2005) .
In a recent paper, phase vs. distance measurements in controlled humidity were exploited to investigate the structural properties of the class I Vmh-2 hydrophobin protein aggregates (Houmadi et al., 2011) . In that paper, hydrophobin samples were obtained by Langmuir techniques under the form of monolayer and bilayers, and their properties were compared with those of the rod-like assemblies (rodlets) that are typical of class I hydrophobins. More in detail, Langmuir-Blodgett (LB) monolayers were transferred on hydrophilic SiO 2 substrates, whereas Langmuir-Schaefer (LS) monolayers were transferred on SiO 2 substrates made hydrophobic by a silane layer. The considered bilayers were made by subsequent depositions LB+LS and LS+LB. The analysis of the phase vs. distance curves (Fig. 17) revealed the viscoelastic behavior of the LB sample, ascribed to the large flexible -loop typical of class I hydrophobins. This behavior was not observed in the remaining samples, included the rod-like self assemblies, allowing for the conclusions that the -loop is directly involved in the aggregation process. Fig. 17 . Phase vs. tip-sample separation curves performed on Vmh-2 hydrophobin monolayers: LS film (blue dots) and LB film (red dots). The measurements were performed in dry atmosphere in order to eliminate capillary adhesion effects. The difference in the phase jump is due to the different viscoelastic properties between the LB ("more viscoelastic") and LS monolayers. 
Conclusion
In this chapter, we have described various applications for the AFM, and have explained some possibilities offered by this technique for the samples investigation, in particular for biological matter. We have emphasized the possibility to obtain three-dimensional images with a high resolution in various AFM modes, but also discussed how to obtain information beyond the topography, including surface roughness, mechanical and other structural sample properties. Due to advantages that the AFM technique offers, it is extensively used in several domains, varying from physics, to biology, to polymer sciences. However, there is still room for improvement of this technique. Indeed, the development of commercial instruments continues, in order to increase the ability to acquire images in a much shorter time. This will play an important role in the field of bio-nanotechnology.
